Abstract
habitats and increasing impact from seabirds a lush, species-poor grassland will develop and 1 persist, as on the old neighbouring islands. known, but the previous eruptions in the system had occurred over 5.000 yrs ago (Sigurðsson 12 and Jakobsson, 2009). The Surtsey eruption, soon followed by the Heimaey eruption in 1973, set 13 a new focus on the islands and extensive geological and biological research was initiated 14 (Lindroth et al., 1973; Friðriksson, 1975; Friðriksson and Magnússon, 1992; Jakobsson et al., 15 2007; Svavarsdóttir and Walker, 2009) . Only a few volcanic islands have recently emerged, 16 including Anak Krakatau (1927) in Indonesia, Tuluman Island (1953) in New Guinea, Surtsey 17 (1963) and Motmot (1968) in Lake Wisdom on Long Island in New Guinea (Thornton, 2007) . 18 Surtsey is a crucial example because of the unbroken record of monitoring and strict protection 19 of the island which has minimized human interferance (Svavarsdóttir and Walker, 2009 ). The Surtsey, the southernmost of the islands, was formed during a volcanic eruption that lasted from . The southern part of Surtsey consists of lava flows from the craters.
16
Following the eruption the rough lava was gradually filled in by drifting tephra from the craters, 17 except for the south-easternmost part of the island where airborne dust has settled. The northern 18 part is a low spit formed by eroded coastal sediments deposited on the leeward site. The spit is 19 flooded by surf in extreme winter storms. Coastal erosion has taken a heavy toll of the island and 20 by 2012 it had been reduced by half, to an area of 1,3 km 2 . The most extensive erosion has 21 occurred on the southern and south-western part where high seacliffs have been cut into the lava 22 shield and palagonite tuff (Jakobsson et al., 2007 identical to the Surtsey plots, were established on each island and sampled in the same way in the 10 middle of July. The four Elliðaey plots were set up within puffin colonies with high nutrient
11
inputs from sea to land (Table 1) , where soil depth was > 1 m on a south-facing palagonite tuff 12 slope (one plot) and north-or south-facing cinder crater slopes (three plots) dating from 5000- on west-(two plots) and north-facing (two plots) palagonite tuff slopes with > 1 m soil depth, in 15 an a small enclosed valley on the southern part of the island (Fig. 1) 
Results

10
Plant colonization on Surtsey
11
The first species to colonize Surtsey in 1965 was the sea rocket (Cakile maritima), dispersed to 12 the island by sea currents. The most recent colonizer is a wind dispersed moonwort (Botrychium 
18
Only one new colonizer was recorded but all the lost species were very rare. 
Effects of seagulls on development on Surtsey
20
During 2003-2012 gull nests were encountered in ten of the permanent study plots, nine within 21 the main breeding area ( Table 2 ). The total number of nests varied from 19-50. The average number of nests in the ten year period was 3.9 within the breeding area. In plots outside it only 1 one nest was ever encountered, leading to an average of 0.01 (Table 2) .
2
In 2012 there were 22 plant species recorded within the 25 permanent plots (Appendix A).
3
Species with the highest relative frequency were Honckenya peploides, Sagina procumbens, 4 Leymus arenarius and Cerastium fontanum, which occurred in over 50% of the plots (Fig. 5 ).
5
The most notable changes since 2008 were the increases of Arabidopsis petraea and Silene 6 uniflora, both of which established late but had reached a spreading phase. L. arenarius and C. near the cliffs on the southern lava within the seabird colony where grass swards and competition 10 was increasing.
11
There was a great variation in the development of the plant cover, species richness and diversity
12
in the permanent plots in 2012. This was reflected in the plant biomass and carbon status of soil
13
( 2006 were richer in species and density than were the barren areas (Table 2 ). For the invertebrate 16 groups that were identified to the species level, there were 28.3 species found on the average 17 within the gull colony plots, while only half of that in the plots outside the colony (Table 2 ).
18
Total catches per day for these groups was, however, similar in the two areas (Table 2 ). Mites
19
(Acari) and springtails (Collembola), which were dominant in the catches of the pitfall traps 20 were treated separately and joined into one group (Table 2) . They were, however, not identified 21 to a species level. In the sheer number of these animals there was a great and significant difference between the two areas. In plots outside the gull colony the average catch was 20.3 1 animals per day which compares to 108.4 animals per day within the colony. had increased to 6.6 ha and in 2012 the area had reached 12.1 ha or over 9% of the island (Fig.   7 6). 
Comparison of vegetation development on Surtsey with neighbouring islands 10
Multivariate classification and ordination were used to analyse resemblance of the young, showed their floristic, soils and density of seabird density differences ( Table 3 ). The Heimaey 14 grassland (group I), which lacks seabirds, had a moderate vascular plant cover, but it was not 15 significantly different from the Elliðaey and Surtsey seabird plots (groups II and III; Table 3 ).
16
The Heimaey grassland had the largest species richness and diversity. The top 10 cm soil of the
17
Heimaey plots was relatively rich in carbon and similar to the Elliðaey and Surtsey seabird 18 grasslands (Table 3 ). In the species-rich Heimaey grassland there was an average of 18 species in 19 each plot (Table 3 ). The dominant species in the cover were Festuca rubra (20.8%), Agrostis 20 capillaris (16.3%), Ranunculus acris (11.5%) and Anthoxantum odoratum (8.2%).
21
The dense seabird grassland of Elliðaey and Surtsey (group II) had the highest plant cover but 1 low species richness and diversity. The average C content of soil was highest in this group 2 (Table 3) . On the average six species were found in the plots of group II ( Elliðaey grassland and a relatively high or developing cover of F. rubra and P. pratensis.
10
The third Twinspan-group consisted of Surtsey plots from within or near the gull colony (Fig. 7) .
11
The vegetation of these plots was in transition from barrens to grassland. The nesting density was 12 lower than in the Surtsey plots of group II, average plant cover was slightly lower, species 13 richness and diversity a little higher, but they did not differ significantly (Table 3 ). C 14 concentration of the soil was considerably lower than in plots of groups I and II, but it was 15 elevated from the plots of the Surtsey barrens in group IV, and the differences were significant 16 ( Table 3 ). The dominant species in the plots in group III were P. pratensis and L. arenarius in 17 the sandy plots, but the lava plots were more variable with P. capillaris, S. procumbens, P.
18 pratensis and F. rubra as the most common species (data not shown).
19
The fourth Twinspan-group consisted of Surtsey plots which were located outside the gull 20 colony and in an early or static succession (Fig. 7) . The plant cover of these plots was poorly 21 developed, species richness and diversity low and the soil was very poor in C (Table 3 ). These 22 plots were all on sand/tephra substrate, with the exception of plots 31 and 32 on block lava (Fig. 2 ). H. peploides was the characteristic species of this group with an average cover of 6.7%. All 1 other species of this group had < 0.3% average cover. was between sandy and lava plots on Surtsey (Fig. 8) . The Heimaey plots formed a dense and Surtsey plots that were outside the gull colony and with poorly developed vegetation (Fig. 8) . On 11 the right was a cluster of plots with mainly H. peploides, which develop into P. pratensis/L.
12
arenarius grassland under the impact of seabirds and increased nutrient inputs, as shown in
13
Surtsey plots 1, 3 and 4 ( Fig. 9) . At the top were barren lava plots with Sagina procubens and composition than at the pioneer stages (Fig. 8) . 
Plant colonization on Surtsey
20
The record of plant colonization of Surtsey and the probable routes of dispersal revealed, show 21 how the main vectors of immigration change during the ecosystem development on the island.
22
Of the 69 plant species found on the island since 1965, about 75% have been dispersed by birds,
23
15% by wind and 10% by the sea. During the first years shore plants dispersed by the sea were 1 the main pioneers on the island. These plants had relatively large seeds, rich in reserves, enabling 2 them to establish on nutrient poor, sandy substrates. In the case of Surtsey the distance from the 3 source on the nearby islands and the mainland is only a few to tens of kilometers so the chances 4 of floating seeds ending upon the shores of Surtsey were high. New species dispersed by the sea 5 have not been found on Surtsey after 1977 (Fig. 4) . However, two of the species (Cakile and Wind-borne seeds and spores of various plant species must have rained over the island from its 6 birth. It was, however, not until after 1990 that we saw a considerable increase in colonization of 7 wind-dispersed species, a trend that still persists. This change is attributable to the improved soil 
Effects of seagulls on development on Surtsey
10
This study shows that the seagulls have had pronounced effects on the vegetation and soil with the plots sampled in the puffin colonies on Elliðaey, which were also very species-poor, of 7 low diversity and had Festuca rubra and Poa pratensis as dominant species. The high breeding 8 density of the puffins indicated that nutrient input from the seabirds on Elliðaey was several 9 times higher than in the gull colony on Surtsey.
All the outer islands of the Vestmannaeyjar islands are impacted by seabirds and receive external 
13
Our results showed that the Elliðaey puffin colonies had by far the richest soils in carbon, as well 
Conclusions 6
Over the the first 50 years, seagulls were the main agents of ecosystem development on Surtsey where grassland will develop as on the older neighbouring islands. Leymus arenarius
Honckenya peploides
Mertensia maritima
Cochlearia officinalis
Cystopteris fragilis
Carex maritima
Puccinellia capillaris
Tripleurospermum maritimum
Silene uniflora
Juncus arcticus
Poa pratensis
Sagina procumbens
Atriplex glabriuscula
Rumex acetosella
Arabidopsis petraea
Armeria maritima
Poa annua
Agrostis stolonifera
Alchemilla filicaulis
Capsella bursa-pastoris
Luzula multiflora
Polygonum aviculare ( E1, E2 E3, E4 S6, S8, S9 S1, S3 S4, S7 S10, S16 S22, S23 S11, S12, S13 S 14, S15, S17 S18, S19, S20 S21, S29, S30 S31, S32 
